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Abstract. A robust quantitative structure property relationship QSPR
model with five parameters has been developed from 126 organic com-
pounds for the prediction of refractive index at 589 nm. The model and
the knowledge of the refractive index dispersion were used in the rational
design of new materials for 193-nm immersion lithography. The signifi-
cance of this model is that the structural descriptors can be readily cal-
culated and the factors that significantly affect refractive index can be
easily identified and used to guide the selection of candidates. Using this
model, rapid screening of large structure databases is possible in order
to find candidates. As an example of this approach, the synthesis of the
copolymer of a trithiocyclane-methacrylate derivative, identified by the
model, with 2-methyl adamantyl methacrylate is described. The mea-
sured refractive index of the copolymer at 589 nm agrees well with the
value predicted by the model. The new polymer showed a 9.4% increase
in refractive index at 193 nm compared with the standard ArF resist.
© 2008 Society of Photo-Optical Instrumentation Engineers. DOI: 10.1117/1.2908937
Subject terms: quantitative structure property relationship QSPR; rational
design; refractive index polymer; 193-nm immersion lithography; sulfur.
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he semiconductor industry is continually searching for a
eduction in the size of features formed during the manu-
acture of integrated circuits. In many respects, there is an
xpectation within the industry and in society as a whole of
continuing increase in transistor density, an expectation
xpressed most eloquently by Moore’s law, which states
hat performance doubles with every new chip generation,
hat is, approximately every 18 to 24 months.1,2 To achieve
uch continued improvements in performance, the industry
as been utilizing various approaches, including employing
horter wavelengths such as 157 nm and extreme ultravio-
et EUV. However, the introduction of 157-nm vacuum
ltraviolet VUV technology has been revealed to place
nachievable requirements on certain critical components,
uch as the lens materials, the pellicle, and the resist
tself.3,4 In the meantime, the EUV technology platform is
ot likely to be ready for commercial implementation until
t least 2011. Thus, during 2004, the industry made the
537-1646/2008/$25.00 © 2008 SPIE. Micro/Nanolith. MEMS MOEMS 023001-
m: http://nanolithography.spiedigitallibrary.org/ on 10/21/2015 Terms of Usedecision to adopt the alternative technology of 193-nm im-
mersion lithography to achieve the targets of the 65- and
45-nm nodes, which are scheduled for commercial produc-
tion in 2006 and beyond.
Immersion lithography involves placing a fluid that has
a much higher refractive index n than air n=1 in the
optical path between the last optical element of the lens
system and the polymer resist; this results in decreased fea-
ture sizes and increased depth of focus DOF when com-
pared to dry lithography. There has been a concerted effort
by industry and academia to increase the refractive index
RI of fluids5,6 and to increase the refractive index of
photoresists7 at 193 nm. According to the Rayleigh equa-
tion 1, NA is limited by the minimum RI along the optical
path, and if sufficient progress in materials for lens and
immersion liquids is made, the limiter becomes the RI of
the photoresist. The refractive indices of currently used re-
sists, for example, those based on the structure8 in Fig. 1,
are around 1.7. To achieve a significant improvement in
DOF and exposure latitude, this needs to be increased to
1.9 or higher:Apr–Jun 2008/Vol. 721
: http://spiedigitallibrary.org/ss/TermsOfUse.aspx
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here k1 is the resolution factor,  is the wavelength of the
xposing radiation,  is the angular half aperture of the
ens, and NA is the numerical aperture.
Development of new polymer resists is a time-
onsuming and labor-intensive process, involving a cyclical
eries of steps of conception, monomer synthesis, polymer
ynthesis, and finally polymer testing. It is the intention of
his study to use the quantitative structure property relation-
hip QSPR method to circumvent much of this process.
SPR has been successfully used to predict many proper-
ies such as glass transition temperatures of polymers,9,10
ielectric constants,11 soil sorption coefficients of organic
ollutants,12 boiling points,13 solubility of organic
ompounds,14 and other properties such as density and
iscosity.15 In lithographic applications, structure property
elationships have been used to aid in the design of etch
esistant polymers, where the Ohnishi parameter16 was de-
eloped to estimate the etch resistance of new polymers.
SPR models have also been used to predict the refractive
ndices of small molecules17,18 and polymers19 at 589 nm.
owever, our initial investigations have revealed that these
odels are not able to adequately predict the RI of some of
ur target molecules, particularly sulfur-containing mol-
cules, because they have fallen outside the scope of those
tudies. Hence, in this paper, we will describe the develop-
ent of a QSPR model that is able to predict the RI of any
ewly designed structure. Initially, to demonstrate the fea-
ibility of this method, we will use the large amount of
xisting literature data to develop a QSPR model to predict
he RI at 589 nm of a diverse range of organic compounds,
articularly sulfur-containing compounds. This allows in
ilico screening of a large number of structures so that only
andidates with high predicted RIs will be synthesized in
he laboratory. It is believed that this approach will greatly
educe the number of experiments required and hence ac-
elerate the development cycle. Examples of the applica-
ion of the model to previously prepared polymers and a
olymer synthesized in our laboratories guided by this
odel are given.
ig. 1 The structure of a currently used ArF resist polymer Polymer
 for 193-nm lithography.6. Micro/Nanolith. MEMS MOEMS 023001-
m: http://nanolithography.spiedigitallibrary.org/ on 10/21/2015 Terms of Use2 Model Development
A database of 126 compounds Table 1 was used to de-
velop the QSPR model. In making our selection, significant
numbers of sulfur- and phosphorous-containing compounds
were selected from the CRC Handbook.20 The geometries
of the 126 compounds were optimized with the semiempir-
ical AM1 method21 using the AMPAC software package. A
total of 791 descriptors including constitutional, topologi-
cal, geometrical, electrostatic, quantum chemical, and ther-
modynamic descriptors were calculated using the Compre-
hensive Descriptors for Structural and Statistical Analysis
CODESSA22 software package. After screening for miss-
ing values, insignificanc, and high intercorrelation, 157 de-
scriptors remained. The best multilinear regression method
was utilized to generate a model with an optimum amount
of descriptors to describe the RI at 589 nm.
3 Experiment
3.1 Materials
2-Hydroxyethyl acrylate HEA was purchased from
Aldrich Chemical Co. Milwaukee, WI and used as re-
ceived. Dicyclopentadiene, sulfur powder, triethyl amine,
methacryloyl chloride, 2-methyl adamantan-2-ol, lithium
chloride, sodium sulfide nonahydrate, sodium hydrogen
carbonate, ethyl acetate, hexane, pyridine, dichlo-
romethane, tetrahydrofuran, and methanol of analytical re-
gent grade were purchased from the Aldrich Chemical Co.
2,2’-Azobisisobutyronitrile was recrystallized twice from
methanol.
3.2 Synthesis
Intermediate 1 in Fig. 2 was synthesized by mixing 38.0 g
327 mmol of 2-hydroxyethyl acrylate with 100 ml of 5 M
lithium chloride and cooled in an ice-water bath. Under
stirring, 35.0 g 529 mmol of freshly opened cyclopenta-
diene was added drop-wise into the solution. After addition
of the cyclopentadiene, the solution was kept at 25°C for
5 h. The crude product was extracted with hexane to re-
move the excess cyclopentadiene and dicyclopentadiene.
The water phase was extracted with ethyl acetate. The re-
action is a typical Diels-Alder reaction,23 and the yield was
close to quantitative. 1H nuclear magnetic resonance
NMR spectroscopy was used to confirm the structure of
the product. The typical peaks at 6.4 and 6.5 ppm from
cyclopentadiene −CH=CH−  and at 6.3 ppm, 6.0 ppm,
and 5.7 ppm from HEA CH2=C disappeared on reaction,
and new peaks at 5.5 ppm, and 6.0 ppm emerged, corre-
sponding to protons in the double bond of structure 1.
Intermediate 2 in Fig. 2 was synthesized using a modi-
fied literature method.24 60 g 330 mmol of product 1 was
dissolved in 300 ml of pyridine in a 500-ml, two-neck,
round-bottom flask. 38 g 1.2 mmol of sulfur powder and
500 mg of sodium sulfide nonahydrate were subsequently
added. The mixture was purged with nitrogen and kept at
110°C for 16 h. After evaporating the pyridine, the viscous
crude product was purified through an acidic Al2O3 column
using 50:50 ethyl acetate/hexane as an eluant, yield 50%.
1H NMR was used to confirm the disappearance of the
double bond in product 1. The 13C NMR spectra clearly
showed the insertion of sulfur into the double bond. Prior toApr–Jun 2008/Vol. 722
: http://spiedigitallibrary.org/ss/TermsOfUse.aspx
TN
A
2
2
A
t
c
2
B
B
B
B
1
1
2
3
4
3
3
1
2
3
1
g
C
2
2
1
2
3
4
4
3
Liu et al.: Application of quantitative structure property relationship…
J
Downloaded Froable 1 List of compounds used to develop the QSPR model and refractive index values at 589 nm measured at 20°C.
ame n exp n cal Error Name n exp n cal Error
% %
cetaldehyde 1.3316 1.3398 0.6 Diphenyl sulfide 1.6334 1.6217 −0.7
-Acetylthionorbornane 1.517 1.538 1.4 1,3-Dithiolane 1.599 1.6013 0.1
-Aminobicyclo2.2.1heptane 1.4807 1.4914 0.7 Ethyl acetate 1.372 1.3789 0.5
nisole 1.516 1.5019 −0.9 Ethyl benzene 1.495 1.499 0.3
rans-Azoxybenzene 1.652 1.6391 −0.8 Ethyl dithioacetate 1.568 1.5202 −3.0
is-Azoxybenzene 1.633 1.6386 0.3 Ethyl 1,3-dithiolane-2-carboxylate 1.539 1.5565 1.1
,2-Azoxytoluene 1.618 1.6279 0.6 Ethyl methyl sulfide 1.44 1.4257 −1.0
enzene 1.501 1.4851 −1.1 Ethyl 3-methylsulfanylpropanoate 1.46 1.4649 0.3
enzophenone imine 1.6191 1.6401 1.3 Ethyl thioacctate 1.458 1.464 0.4
enzyl methyl sulfide 1.562 1.561 −0.1 4-Ethyl toluene 1.495 1.5004 0.4
ismethylthiomethane 1.53 1.5276 −0.2 2-Ethyl toluene 1.505 1.494 −0.7
,3-Bisphenylthiopropane 1.6281 1.6364 0.5 3-Ethyl toluene 1.496 1.4893 −0.4
,4-Bistrifluoromethylbenzene 1.426 1.3992 −1.9 Fluoroacetone 1.37 1.3648 −0.4
-Bromoaniline 1.6113 1.629 1.1 2-Fluoroaniline 1.544 1.5244 −1.3
-Bromoaniline 1.626 1.6291 0.2 4-FIuoroaniline 1.54 1.5315 −0.6
-Bromo-3-fluorotoluene 1.53 1.5463 1.1 2-Fluoroanisole 1.494 1.4897 −0.3
-Bromo-4-fluorotoluene 1.531 1.5458 1.0 3-Fluoroanisole 1.488 1.5029 1.0
-Bromo-3-phenyl acrylaldehyde 1.6368 1.627 −0.6 4-Fluoroanisole 1.488 1.5037 1.1
-Bromo-4-propylbenzene 1.537 1.5757 2.5 1-Fluorobutane 1.3396 1.3334 −0.5
-Bromothioanisole 1.633 1.6354 0.1 Hexane 1.375 1.3756 0.0
-Bromotoluene 1.552 1.571 1.2 3-Iodoaniline 1.6811 1.6691 −0.7
-Butanol 1.3933 1.3999 0.5 Isopentane 1.3537 1.3608 0.5
amma-Butyrolactone 1.436 1.4017 −2.4 3-Methyl-2-butanone 1.388 1.389 0.1
innamaldehyde 1.6195 1.5602 −3.7 3-Methyl-l-butene 1.3643 1.3754 0.8
-Chlorobicyclo2.2.1heptane 1.4854 1.4919 0.4 Methyl benzene sulfonate 2-Methylphenyl 1.546 1.5451 −0.1
-Chlorobenzyl chloride 1.541 1.5271 −0.9 phenylmethanimine 1.6097 1.6217 0.7
-Chloromethyl-3-methylbenzene 1.535 1.5332 −0.1 1-Methoxy-4-methylthiobenzene 1.5795 1.5688 −0.7
-Chloroanisole 1.545 1.5373 −0.5 2-Methoxythioanisole 1.595 1.5722 −1.4
-Chloroanisole 1.536 1.5416 0.4 Methyl 3-methylthiopropionate 1.465 1.4755 0.7
-Chloroanisole 1.535 1.5505 1.0 S-Methyl methanethiosulfonate 1.513 1.5572 2.9
-Chlorotoluene 1.52 1.5203 0.0 Methyl phenyl sulfoxide 1.5775 1.555 −1.4
-Chloroacetophenone 1.5494 1.5556 0.4 4-Methylthioaniline 1.6395 1.6108 −1.8. Micro/Nanolith. MEMS MOEMS Apr–Jun 2008/Vol. 72023001-3
m: http://nanolithography.spiedigitallibrary.org/ on 10/21/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx
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Downloaded FroTable 1 Continued.
ame n exp n cal Error Name n exp n cal Error
-Chloroacetophenone 1.555 1.5558 0.1 Methyl 2-iodobenzoate 1.6052 1.6056 0.0
-Chlorothioanisole 1.598 1.5967 −0.1 Methylthioacetonitrile 1.483 1.5099 1.8
yclohexane 1.426 1.4133 −0.9 Methyl methylthioacetate 1.465 1.4652 0.0
yclopentane 1.405 1.4045 0.0 2-Methyl-2-thiazoline 1.52 1.5291 0.6
Cyclohexyldisulfanyl
yclohexane
1.545 1.5531 0.5 N-Methylacetamide 1.433 1.4366 0.3
Dibromomethylbenzene 1.6147 1.6407 1.6 2-Pyrrolidinone 1.487 1.4652 −1.5
ibutyl disulfide 1.492 1.4943 0.2 Sulfolane 1.484 1.4878 0.3
ibutyl sulfide 1.452 1.4508 −0.1 gamma-Thiobutyrolactone 1.523 1.5109 −0.8
iethyl ether 1.353 1.3597 0.5 1,1,4,4-Tetrabromobutane 1.6077 1.6335 1.6
,4-Dichlorotoluene 1.547 1.5486 0.1 1,2,3,5-Tetrafluorobenzene 1.404 1.407 0.2
,4-Dichlorotoluene 1.547 1.554 0.5 1,2,3,4-Tetrafluorobenzene 1.408 1.425 1.2
i4-chlorophenyl ether 1.611 1.6342 1.4 2,3,5,6-Tetrafluorotoluene 1.42 1.3831 −2.6
,P-Dichlorophenylphosphine 1.603 1.5665 −2.3 Tetrahydrofuran 1.407 1.3836 −1.7
iethyl benzylphosphonatc 1.497 1.4951 −0.1 Tetrahydrothiophene 1.504 1.4739 −2.0
iethylmethylthiomethyl
hosphonate
1.465 1.4584 −0.5 Tetrahydrothiophene 1-oxide 1.52 1.5041 −1.0
,5-Difluoro toluene 1.452 1.4658 1.0 Thioanisole 1.587 1.5682 −1.2
,6-Difluorotoluene 1.453 1.4594 0.4 Thiobenzoic acid 1.604 1.6067 0.2
,4-Difluorotoluene 1.45 1.4606 0.7 1,4-Thioxane 1.5095 1.5045 −0.3
,3-Diiodopropane 1.6423 1.6167 −1.6 1,2,2-Tribromopentane 1.607 1.571 −2.2
,3-Dimethyloxirane 1.3736 1.3961 1.6 Triethyl phosphonoacetate 1.431 1.4196 −0.8
,3-Diphenylacrylonitrile 1.6352 1.623 −0.7 Triethyl phosphate 1.403 1.4096 0.5
,3-Dimethyltrisulfane 1.602 1.6348 2.0 1,2,4-Trifluorobenzene 1.423 1.4483 1.8
imethyl trithiocarbonate 1.675 1.6286 −2.8 1,2,3-Trifluorobenzene 1.423 1.433 0.7
,2-Dimethyloxirane 1.3712 1.3875 1.2 2,3,4-Trifluorotolucne 1.434 1.4336 0.0
,5-Dimethylbenzyl chloride 1.537 1.5345 −0.2 1,2,4-Trifluorobenzene 1.449 1.465 1.1
imethoxymethane 1.354 1.3764 1.7 2,3,4-Trifluorotoluene 1.434 1.4336 0.0
,N-Dimethylacetamide 1.437 1.525 −0.6 Trifluoromethylphosphorus diiodide 1.63 1.6129 1.0
imethyl disulfide 1.525 1.5548 2.0 Trifluoromethylbenzene 1.414 1.4327 1.3
imethyl sulfoxide 1.479 1.4684 −0.7 Trismethylthiomethane 1.577 1.5858 0.6
,4-Dioxane 1.422 1.4369 1.0 2,2,3-Trimethylbutane 1.3864 1.3986 0.9
,3-Dioxolanc 1.401 1.4024 0.1 Diphenyl sulfide 1.6334 1.6217 −0.7. Micro/Nanolith. MEMS MOEMS Apr–Jun 2008/Vol. 72023001-4
m: http://nanolithography.spiedigitallibrary.org/ on 10/21/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx
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Downloaded Fronsertion, the chemical shifts of the double bond carbons
re at 131.1 ppm and 137.1 ppm. In product 2, these two
eaks disappeared and two new peaks at 64.3 ppm and
8.2 ppm appeared, corresponding to carbon nuclei adja-
ent to the trithiocyclane ring.25 13C NMR spectra showed
hat these carbons were connected to a single proton. El-
mental analysis confirmed that there were three sulfur at-
ms in each molecule. Calculated composition for
10H14O3S3: C, 43.1; H, 5.1; O, 17.2; S, 34.6. Measured
omposition: C, 42.2; H, 5.0; O, 16.7; S, 36.1.
Monomer 3 in Fig. 2, 9-methacryloyloxyethyl-
,4,5-trithiatricyclo5.2.1.02,6decane-9-carboxylate, was
ynthesized by dissolving 5 g 18 mmol of product 2 and
.3 g 72 mmol of triethylamine in 50 ml dichloromethane
n a 250-ml, two-neck, round-bottom flask, which was kept
n an ice-salt-water bath and purged with nitrogen. Subse-
uently, 3.8 g 36 mmol of methacryloyl chloride was
dded drop-wise to the mixture, and the temperature was
aised to 25°C for 24 h. The product was washed with
.5 M NaHCO3 and water and dried before evaporating the
ichloromethane via rotary evaporation under reduced pres-
ure. The crude product was further purified by passing
hrough a silica gel column using 80:20 hexane/ethyl ac-
tate as eluant. Monomer 3 was a bright yellow, viscous
iquid. 1H and 13C NMR both confirmed the attachment of
he methacrylate function. In the 1H NMR spectrum, the
ypical methacrylate double bond proton peaks at 5.6 ppm
nd 6.1 ppm and the sharp singlet at 2.0 ppm from the
CH3 group indicate the attachment of the methacrylate
oiety. The presence of two peaks at 64.3 ppm and
8.2 ppm in the 13C NMR spectrum, due to the two car-
ons connected to the trithio moiety, indicate that this
roup was unchanged. Elemental analysis verified that
here were three sulfur atoms in each molecule. Calculated
omposition for C14H18O4S3: C, 48.5; H, 5.2; O, 18.5; S,
7.8. Measured composition: C, 47.2; H, 5.1; O, 20.1; S,
7.6.
Monomer 3 was copolymerized with 2-methyladamantyl
ethacrylate MAdMA, which had been prepared accord-
ng to a standard literature method.26 1.0 g of monomer 3
ig. 2 Synthetics scheme for 9-methacryloyloxyethyl-3,4,5-
rithiatricyclo5.2.1.02,6decane-9-carboxylate 3: i 5 M LiCl,
5°C; ii S, Na2S, and pyridine; and iii TEA, methacryloyl chloride,
CM.. Micro/Nanolith. MEMS MOEMS 023001-
m: http://nanolithography.spiedigitallibrary.org/ on 10/21/2015 Terms of Useand 1.0 g of MAdMA were mixed with 20 mg of AIBN
and dissolved in 10 ml of THF. The mixture was sealed and
purged with nitrogen for 10 min, and then kept at 60°C for
24 h. The solution was then added drop-wise into 200 ml
of methanol with stirring. The precipitate was then filtered
and dried under vacuum and a light yellow, fine powder
was obtained. Elemental analysis results showed good
agreement with the expected structure Calculated compo-
sition for C10H14O3S30.6C14H18O4S30.4: C, 61.9; H, 7.5;
O, 16.5; S, 14.1. Measured composition: C, 60.6; H, 7.4; O,
16.6; S, 15.4.
3.3 Characterization
All NMR spectra were collected using a Bruker Avance 500
high-resolution NMR spectrometer interfaced to a 11.7
Tesla 51-mm bore magnet system and a 5-mm 13C-1H dual
probe. The solvent used was deuterated chloroform. The
chemical shift was referenced against the chloroform peak
at 7.26 ppm for 1H and 77.0 ppm for 13C.
Elemental analysis was conducted on a Carlo Erba El-
emental Analyzer model 1106 for C, H, N, and S. The
oxygen content was calculated by subtracting the other el-
ements from the total amount of materials analyzed.
The refractive indices of polymers were determined
from spectroscopic ellipsometric measurements made on a
J. A. Woollam M-2000 variable angle spectroscopic ellip-
someter. The ellipsometric parameters  and  were fitted
to a Cauchy model by the Woolam WVASE32 software.
The molecular weight and polydispersity index were ob-
tained from gel permeutation chromatography GPC mea-
surement which was performed with a Waters Alliance
2690 separations module equipped with an autosampler,
column heater, differential refractive-index detector, and
photodiode array connected in series. high performance liq-
uid chromatography HPLC-grade tetrahydrofuran was
used as an eluent at a flow rate of 1 mL /min. Polystyrene
standards were used for calibration.
4 Results and Discussion
The ultimate aim of this research program is to develop a
QSPR model to allow us to predict the refractive indices of
small molecules and candidate polymers at 193 nm. As dis-
cussed in Sec. 1, a large amount of data from compounds
having varied structures is required to generate a robust
QSPR model. However, there is only a limited amount of
data reported in the literature at 193 nm, and measurement
of refractive indices at 193 nm for a large number of com-
pounds is extremely time consuming. Ideally, a model gen-
erated at 589 nm from data for small molecules could be
used to predict the trends of refractive indices at 193 nm of
polymers. For this to be the case, it is necessary to establish
the relationship 1 between the refractive index of linear
polymers and the sum of values for the repeat units and 2
between the refractive index at 589 nm and that at 193 nm.
The first correlation is expected following consideration of
Van Krevelen’s group contribution theory.27 Variations in
polymer configuration are expected to influence the refrac-
tive index; however, this is expected to be minimal for
random amorphous copolymers, which are the focus of our
studies. However, polymers are expected to have slightly
higher refractive indices than predicted from the corre-Apr–Jun 2008/Vol. 725
: http://spiedigitallibrary.org/ss/TermsOfUse.aspx
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Downloaded Froponding small molecule analogues, due to the higher den-
ities of polymers. In Fig. 3, the refractive indices at
89 nm for 23 pairs of polymers and the respective small-
olecule analogs of the repeat units are plotted. It can be
een that the correlation between the values of refractive
ndex is good R2=0.90 and can be represented adequately
y the following equation. The scatter in the data may be
ue to variation in molecular weight and morphology:
polymer = nunit + 0.09. 2
ere npolymer and nunit are the refractive indices of the poly-
er and the corresponding saturated, repeat unit, respec-
ively. An example of a polymer–small molecule pair is
olystyrene and ethyl benzene.
To decide whether a model developed using values of
he RI at 589 nm can be used to predict the RI at 193 nm,
e must first consider the wavelength dispersion in the RI.
alues of RI from 950 to 190 nm for a number of nonab-
orbing compounds are plotted in Fig. 4. The curves are
lose to parallel across a broad range of wavelengths,
hich indicates that if the refractive index of a nonabsorb-
ng compound is high at 589 nm, it should also be high at
93 nm. The curves can be fitted empirically using the
ig. 3 Relationship between the refractive index of polymers and
heir corresponding saturated repeat units.
ig. 4 Refractive index dispersion of some common organic com-
ounds from top to bottom: ethyl 1,3-dithiolane-2-carboxylate, me-
hylthioacetonitrile, diethyl-methylthiomethyl phosphanate, tetrahy-
rofuran, triethylphosphate, and water. The symbols are
xperimental data, and the solid lines are fits to the Cauchy equa-
ion 3.. Micro/Nanolith. MEMS MOEMS 023001-
m: http://nanolithography.spiedigitallibrary.org/ on 10/21/2015 Terms of Usewell-known Cauchy28 equation 3, and the results of the
fits are also plotted as solid lines in Fig. 4. The fitted pa-
rameters are listed in Table 2.
n = B0 +
B1
2
+
B2
4
+ ¯ . 3
Examination of the values of the Cauchy coefficients in
Table 2 show that at longer wavelengths, the refractive in-
dex is mainly determined by the first term B0 and that
there is an approximate inverse relationship between wave-
length and refractive index. These results show that we can
confidently use the refractive index data at 589 nm for
small molecules to generate a useful QSPR model and to
use the model to guide the design and development of new
polymers with high RI at 193 nm, provided that the mol-
ecules do not absorb strongly at 193 nm.
4.1 QSPR Models
Prior to developing the model described in this report, the
QSPR models for the RI of small molecules at 589 nm
reported by Katritzky et al.17 and Ha et al.18 were applied
by us to the diverse range of compounds we have consid-
ered. Note that the choice of molecules in our database was
driven by consideration of design criteria for polymeric re-
sists. Katritzky’s model included five descriptors: HOMO-
LUMO energy gap, lowest electron-nucleus attraction en-
ergy for a carbon atom, total charge weighted partial
positively charged surface area, surface area of hydrogen
donor atoms, and gravitation index. Ha’s model had seven
descriptors: relative number of carbon atoms, weighted par-
tial positively charged surface area, relative negative charge
of a molecule, Randic index, fractional partial positively
charged surface area, Balaban index, and minimum partial
charge for a hydrogen atom. Unfortunately, neither litera-
ture model could give a satisfactory prediction of the re-
fractive index of all the model compounds in our library at
589 nm. Figure 5 shows the predicted values of refractive
index calculated using the model of Katritzky et al.17 plot-
ted against the experimental values obtained from the lit-
erature. A poor correlation is obtained with a correlation
coefficient of 0.72. A significantly poorer correlation was
Table 2 Best-fit parameters for refractive index dispersion of some
common organic compounds using Cauchy equation 3.
Compound B0
B1
/103
B2
/107
Water 1.339 2.483 7.893
Triethyl phosphate 1.391 2.947 5.666
Tetrahydrofuran 1.402 3.032 8.771
Diethyl methylthio methyl
phosphanate
1.443 3.476 14.46
Methylthio acetonitrile 1.488 3.703 26.40
Ethyl l,3-dithiolane-2-carboxyIate 1.514 5.268 23.11Apr–Jun 2008/Vol. 726
: http://spiedigitallibrary.org/ss/TermsOfUse.aspx
o

d
e
t
d
c
s
a
t
p
c
e
r
w
fi
t
r
Q
n
F
u
1
F
u
l
Liu et al.: Application of quantitative structure property relationship…
J
Downloaded Frobtained using the model of Ha et al.,18 as shown in Fig. 6
correlation coefficient of 0.22. The lack of success in pre-
icting refractive index using these two models is undoubt-
dly due to the selection of the database of structures used
o develop the QSPR model. In building our database, we
eliberately included a large number of sulfur-containing
ompounds, while Katritzky et al.17 considered only one
ulfur-containing compound and the dataset used by Ha et
l.18 possessed no sulfur-containing compounds. This illus-
rates the care required when applying QSPR models to
redict properties of molecules that fall outside the chemi-
al space of the models.
The QSPR model obtained in this study has five param-
ters or descriptors and a nonzero intercept Table 3. The
efractive indices calculated using our model agreed well
ith the experimental values with a high correlation coef-
cient R2=0.91; Fig. 7. This model was validated using
he leave-one-out22 method and a high cross-validation cor-
elation was found RCV
2
=0.90. To externally validate the
SPR model, a structurally diverse set of 20 compounds,
ot used in the generation of the model, was selected Table
ig. 5 Plot of calculated refractive indices versus experimental val-
es using the QSPR model developed by Katritzky et al.17 for the
26 compounds listed in Table 1 R2=0.72, F=62.97, s2=0.0021.
ig. 6 Plot of calculated refractive indices versus experimental val-
es using the QSPR model of Ha et al.18 for the 126 compounds
isted in Table 1 R2=0.22, F=4.88, s2=0.0060.. Micro/Nanolith. MEMS MOEMS 023001-
m: http://nanolithography.spiedigitallibrary.org/ on 10/21/2015 Terms of Use4. The prediction errors for all compounds were within
5%. The high values of correlation coefficients for cross
validation and external validation indicate that the model is
robust and is suitable for prediction of the refractive index
of small molecules that cover a diverse set of chemical
space.
The five descriptors in the QSPR model, which collec-
tively determine the refractive index of a compound at
589 nm, are: relative final heat of formation, molecular
weight, relative number of H atoms, relative number of S
atoms, and number of F atoms. The relative final heat of
formation is the final heat of formation divided by the total
number of atoms in the molecule. The heat of formation is
the heat released or absorbed enthalpy change during the
formation of a pure substance from its elements, at constant
pressure. It reflects the thermodynamic stability of a com-
pound. A high heat of formation high positive value indi-
cates a less stable compound, while a low heat of formation
large negative value implies high stability. The positive
contribution of this descriptor to the refractive index indi-
cates that less stable compounds tend to have higher refrac-
tive indices. This has been previously ascribed to the intrin-
sic “looseness” of the electrons of the less stable
compounds, which are more able to interact with light.19
Table 3 The best five-parameter QSPR model for predicting refrac-
tive index at 589 nm R2=0.91, F=233, and s2=0.0007.
X X Descriptor
1.66 2.310−2 Intercept
1.0710−2 8.510−4 Final heat of formation/# of atoms
5.3810−4 5.110−5 Molecular weight
−4.2310−1 3.510−2 Relative number of H atoms
4.6810−1 4.710−2 Relative number of S atoms
−2.6110−2 4.310−3 Number of F atoms
Fig. 7 Relationship between the RI values calculated using the best
five-parameter QSPR model generated from 126 compounds and
experimental values of RI R2=0.91, F=233, s2=0.0007.Apr–Jun 2008/Vol. 727
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Downloaded Froefractive index is an indication of the manner in which a
olecular interacts with light. Molecules with heavier at-
ms tend to interact strongly with light. The positive coef-
cient for the molecular weight descriptor indicates that
igher atomic mass leads to higher refractive index. The
elative numbers of hydrogen, sulfur, and fluorine atoms
re constitutional descriptors. The relative number of atoms
s the total number of hydrogen, sulfur, or fluorine atoms
ivided by the total number of atoms in a particular mol-
cule. Sulfur atoms contribute positively to refractive in-
ex, but hydrogen and fluorine atoms have negative contri-
utions. This is in agreement with the observation that
tructures with double bonds, aromatic group, or cyclic
ragments tend to contribute to a higher refractive index
ecause the relative number of hydrogen atoms is smaller.
These five descriptors can be calculated rapidly and
ave obvious physical meanings; thus, the structural fea-
ures that affect the refractive index values can be easily
able 4 List comparing experimental and calculated refractive indi-
es of test compounds at 589 nm.
ame n exp n cal Error
%
niline 1.5863 1.5183 −4.3
enzonitrile 1.5289 1.6007 4.7
-Bromobutane 1.4398 1.4457 0.4
-Butanamine 1.401 1.3946 −0.5
hlorocyclohexane 1.4626 1.4422 −1.4
rotylchloride 1.4351 1.4558 1.4
ycloheptanone 1.4608 1.4355 −1.7
yclohexanone 1.4507 1.4282 −1.6
yclohexene oxide 1.452 1.4503 −0.1
iallyldisulfide 1.541 1.5785 2.4
,4-Dichlorobenzene 1.5981 1.6093 0.7
,2-Epoxy-5-hexene 1.425 1.4652 2.8
thylbenzoate 1.506 1.5093 0.2
-Ethylaniline 1.5559 1.5061 −3.2
-Iodo-2-methylpropane 1.496 1.4819 −0.9
-Iodobutane 1.4998 1.4804 −1.3
-Methylhexane 1.384 1.4008 1.2
-Octane 1.3976 1.4088 0.8
-Pentanol 1.406 1.3813 −1.8
,2,3.5-Tetramethylbenzene 1.5285 1.4866 −2.7. Micro/Nanolith. MEMS MOEMS 023001-
m: http://nanolithography.spiedigitallibrary.org/ on 10/21/2015 Terms of Useidentified and used in the design of new molecules. Having
established the model, the refractive index of any unknown
molecular structure can be calculated using the model,
which is represented by the following equation:
RI _ cal = 1.66 + 1.07 10−2  HF/a _ total
+ 5.38 10−4  MW
− 4.23 10−1  10−1  a _ nH/a _ total
+ 4.68 10−1  a _ nS/a _ total
− 2.61 10−2  a _ nF . 4
Here RI_calc, HF, a_ total, MW, a_nH, a_nS, and n_nF
are the calculated refractive index at 589 nm, heat of for-
mation, total number of atoms, molecular weight, number
of hydrogen atoms, number of sulfur atoms, and number of
fluorine atoms, respectively.
4.2 Screening of Candidates
From the preceding discussion, it can be concluded that
molecules with high molecular weight, high heat of forma-
tion, high sulfur, and low fluorine and hydrogen content are
expected to have high refractive index. Note that low hy-
drogen content also implies high carbon content and there-
fore indicates structures that have multiple rings or unsat-
urated bonds. These are important guidelines in molecular
design of high refractive index materials. The advantage of
this QSPR model is that it provides not only qualitative
guidelines but also quantitative formulations for predicting
refractive index values; thus, it can be used to quickly
screen a large database of structures to find those with high
refractive index values. The structures of a large pool of
20,411 compounds including esters, amides, alcohols, car-
bonates, sulfones, sulfides, phosphates, etc., were down-
loaded from the ChemACX database of CambridgeSoft. A
database was generated by importing these structures into
Molecular Operating Environment software,29 where the
three-dimensional 3-D structures were geometrically op-
timized. The numerical values of the five descriptors were
then calculated for the energy-minimized structures so that
their refractive indexes at 589 nm could be calculated using
Eq. 4. Those structures with predicted values of RI over
1.55 were selected and checked manually to discard those
likely to have strong absorption bands at 193 nm. The re-
maining structures were considered for possible incorpora-
tion into polymers having high RI. As discussed in the pre-
ceding section, if these candidates do not absorb strongly at
193 nm, the refractive index values at 193 nm are also ex-
pected to be high. Table 5 lists a range of structures iden-
tified from these processes that could be used as building
blocks for our polymer candidates for 193-nm resist. This
list excludes aromatic and halogen-containing compounds
due to either their high absorption at 193 nm or their cor-
rosive potential toward the optical lenses and other compo-
nents, respectively.
4.3 Synthetic Examples and Comparison with
Predicted RI
The following two examples demonstrate and verify the
process of identification of polymers with high refractive
index at 193 nm via the QSPR prediction of refractive in-Apr–Jun 2008/Vol. 728
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Downloaded Froex values of small molecule compounds at 589 nm. If the
redicted value of the RI of a structure was not significantly
igher than that of polymer I in Fig. 1 1.51 at 589 nm, it
as not considered a valuable candidate. Otherwise, if the
redicted value was significantly higher e.g., 5% than
olymer I, the structure was considered as a potential can-
idate for synthesis. The first example is the repeat unit
tructure of poly1-butene sulfone. The refractive index at
89 nm for the repeat unit calculated using our QSPR
odel is 1.45. Thus, the predicted value for the polymer,
aking into account the increased density of the polymer, is
.54 according to Eq. 2. This value is higher than polymer
by only 2.0%. The absence of any UV-absorbing group in
he structure means that the refractive index dispersion is
xpected to be nearly identical to polymer I; thus, its re-
ractive index at 193 nm is not expected to be significantly
igher than polymer I at the shorter wavelength. Therefore,
he repeat unit of poly1-butene sulfone is not a good can-
idate structure. To test these conclusions, the refractive
ndex30 of poly1-butene sulfone from 190 nm to 590 nm
as measured Fig. 8. The experimental value at 589 nm
s 1.538, which agrees extremely well with our prediction
f 1.54. The refractive index at 193 nm is 1.746, which also
s predicted is only 2.4% higher than the refractive index of
olymer I RI1.705. This procedure has verified that the
epeat unit structure of poly1-butene sulfone is not a good
andidate to be included in a polymeric resist having high
efractive index.
In contrast to these findings, the predicted refractive in-
ex for the first structure in Table 5, which is an unsatur-
ted version of monomer 3, is 1.59 at 589 nm; thus, the
redicted value for the polymer having this repeat unit is
.68 at 589 nm, which is 11% higher than that of the poly-
er I. The lack of UV-absorbing groups in this structure
able 5 List of candidate structures and refractive index values pre-
icted by the QSPR model.. Micro/Nanolith. MEMS MOEMS 023001-
m: http://nanolithography.spiedigitallibrary.org/ on 10/21/2015 Terms of Usealso indicates that its refractive index dispersion would
very likely be parallel to that of polymer I. Therefore, a
significant increase in refractive index is expected at
193 nm. This predicted refractive index identifies this
structure as a good candidate, and thus the analogous
monomer 3 was synthesized according to Fig. 2. Due to the
other requirements of a photoresist such as a solubility
switch, monomer 3 was copolymerized with
2-methyladmantyl methacrylate, which contains an acid-
sensitive leaving group. The number- and wieght-average
molecular weight of the synthesized copolymer are 3132
and 3439, respectively, and its polydispersity index is 1.10.
The experimental refractive index of the copolymer at
589 nm is 1.59, which is in good agreement with the pre-
dicted value of the copolymer of 1.63. Most important, the
measured refractive index of the copolymer at 193 nm is
1.86, which is significantly higher 9.4% than that of the
current commercial polymer I. This example demonstrates
that the discovery of polymers with a high refractive index
at 193 nm is possible, using the predicted refractive index
of the polymer at 589 nm, provided that the sample is non-
absorbing at both wavelengths.
5 Conclusions
QSPR is a very useful tool to guide the rational design of
high refractive index materials. A robust model with five
parameters was developed from a data set of 126 com-
pounds with widely varying structures. The five relevant
descriptors for our dataset were determined to be relative
final heat of formation, molecular weight, relative number
of hydrogen atoms, relative number of sulfur atoms, and
relative number of fluorine atoms. By analyzing the relative
contributions of these descriptors, the factors that will in-
crease the refractive index of a molecule were identified.
This model was used to screen a large database to identify
the structural elements providing high refractive index val-
ues at 589 nm. Those structures that do not absorb strongly
at 193 nm were selected as valuable candidate building
units for high refractive index polymers. Examples of our
synthetic approach were given, and the measured refractive
indices of the polymers agree well with the predicted val-
ues. Other polymers with high predicted refractive index
have been identified and are currently being prepared in our
laboratories.
Fig. 8 Refractive index dispersions of the synthesized copolymer
top, poly1-butene sulfone middle, and polymer I bottom.Apr–Jun 2008/Vol. 729
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